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Abs tract

The effects of notch geometry and ply stacking

arrangement were investigated for fiberglass laminates of

chopped fiber mat and woven roving reinforced polyester.

The failure stress was found to be insensitive to notch

root radius up to a value of approximately O.l0 inches.

The crack flank angle was found to have little effect on

the failure stress over a broad range. The results

indicate that the validity of classical fracture mechanics

is doubtful for this type of composites, and that a

stress concentration approach may provide a more meaning-

ful fracture criterion. The woven roving plies are shown

to control the toughness of the laminate, while both roving

and mat plies are significant in determining the tensile

s tr ength.
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Introduction

The effects of notch geometry on the failure

strength of isotropic materials have been given consider-

able attention in the literature, particularly since the

solution for an elliptical hole in an infinite plate under

uniform applied tensile stress, c, normal to the major

axis of the ellipse was given by Inglis [1] as

c = c  j.+2 ~cp

where a is the maximum stress at the notch tip, c is
max

the half-length of the ellipse, and p is the root-radius'

The important dimensions of a notch of arbitrary shape

are generally accepted to be its overall length normal

to the maximum applied stress and the radius at the root [2].

For the case of a crack with a vanishingly small

root radius, the distribution of stress parallel to the

load, o, near the crack tip is given by [3]
YY

c � ' "'  Z ccrc er2> + Z ccrc  Sel2!]
yy

�!

where r is the distance from the crack tip and 9 is the angle

from the crack axis. Equations  l! and �! may be modified

for anisotropic elastic constants without any change in

the basic form of either [4].

Both of the above relationships assume elastic

behavior of the material. Fracture criteria based on the

maximum stress, a , or stress intensity factor, K = a~me
max'

are generally valid only if regions of inelastic behavior



near the crack tip are much smal ler than the characteristic

specimen dimensions such as the crack length [4] . The

observed behavior of high strength metals with a plastic

zone size, r, much smaller than the crack length is
illustrated by the f ollowing example. consider a series

of experiments where cracks of various root radius, p, are
machined into specimens which are loaded in tension. As

shown in Figure 1, the applied stress at fracture, af
will be insensitive to root radius below some critical

value, p,, and will increase with MC for radii above

as predicted by Equation �! [5]. The value of p, is

generally o f the order r 10, and represents the equivalent

notch root radius produced by the plastic strain within the

yielded zone [6J . The approximate domain of applicability
of the sharp crack theory represented by Equation �! is

for notch radii less than p,, while Equation �! apparently
applies to larger radii, with the additional restriction

in both cases that the value of C, be much less than the
dominant specimen dimensions.

An alternative, but equivalent, criterion for fracture

is the critical strain energy release rate, or fracture

surface work, originally suggested by Griffith [7!. This

criterion is a simple statement. of the thermodynamic con-

ditions necessary for crack extension, and, although
often expressed as a function of the critical stress

intensity factor, is not. subject to the same stringent



restrictions on crack radius and plastic zone size as in

the stress intensity factor [4] . The relatively large

inherent crack tip radius which results from subcracking

parallel to the fibers at the crack tip [8] may severely

limit the applicability of the classical stress intensity

factor for composite materials, but the modification to

the strain energy release rate may be relatively insignif-

icant [4].

Materials and Test Procedures

All laminates tested were a combination of Laminae

4155 polyester  American Cyanamid Co.! reinforced by

E-glass fibers in the form of l-l/2 oz/ft chopped fiber2

mat and l8 oz/yd Style 6l woven roving  Uniglass2

Industries!; tne woven roving was oriented with the warp

direction perpendicular to tne load. Laminates were

fabricated by the hand layup method and cured at room

temperature.

Test specimens for notch geometry studies were cut

roughly to size by a diamond-edged wheel and then machined

to final dimensions by a TensilKut router. Desired radii

were obtained by drilling with carbide drills, and notch

flanks were cut with a 0.018 inch thick diamond-edged

wheel. Ultimate strength specimens were machined on a

TensilKut router to the shape shown in Figure 2, which

was found to give the highest percentage of failures in



the gage section, approximately 50 percent,, of the shapes

investigated. Cleavage test specimens were machined in

the same fashion as other notched specimens, and aluminum

strips were then bonded to the sides with epoxy adhesive

as shown in Figure 3, to give sufficient stiffness to

avoid buckling of the specimen prior to fracture.

All specimens were tested in an lnstron universal

testing machine under laboratory temperature and humidity
conditions and at a displacement rate of 0.05 inches per

minute. The load-deflection curve for notched and

unnotched tension specimens was approximately linear to

fracture, and the strength was determined from the maxi-

mum load attained. The critical strain energy release

rate was determined from the load-deflection curve as

indicated in Figure 4 by measuring the area under a cycle

of loading-crack extension and unloading with a planimeter;

this procedure has been used previously and is discussed

elsewhere [8].

Results and Discussion

The effect of notch root radius on the applied

stress at fracture is given in Figure 5 for a laminate

of NRMRN construction, where M represents a mat ply and

R represents a woven roving ply. Although the shape of

the curve is similar to that in Figure l for metals, the

radius below which the fracture stress is relatively



constant is approximately 0.10 inches, one to three

orders of magnitude greater than that observed for high

strength metals I 59]. Table 1 gives additional data

including the stress on the rret cross»section between

notches at. failure and the critical stress intensity

factor, K, calculated from the isotropic solution for

a f inite width specimen with a sharp notch [10] . The

average ultimate tensile strength, oUTS, and f iber volume

f raction, Vf, for the laminates used in this portion o f

the study were 23.8 ksi and 0.336 respectively; Table 1

indicates that the net section stress at fracture for the

sharper notches was approximately half of the ultimate

strength, while for larger radii the value reached a

maximum of over 90 percent of the ultimate strength. The

calculated value of K~ was insensitive to notch radius for

radii up to approximately 0.10 inches, and then increased

for larger radii. A typical specimen of this type is

shown after. fracture in Figure 6.

The notch radius data indicate that the value of

p, for this material is approximately o.l0 inches. Since

this value is of the same order of magnitude as the length

of typical cracks to be anticipated in applications, the

validity of the classical stress intensity factor calcula-

tion is doubtful, and the use of a stress concentration

factor criterion may be more meaningful. It is apparent.

that, while crack propagagation occurs in the absence of



any general yielding of the material, the crack tip is

inherently orders of magnitude less sharp than is generally
anticipated for materials which fail in a brittle fashion.

Figure 7 and Table 2 give the results of similar

tests where the notch radius was held constant and the

flank angle was varied. The flank angle is found to have

little effect on the applied stress at fracture except for
very large flank angles, which, in the limit, approach the
unno tched case .

Table 3 gives the results of varying the ply

stacking sequence of the laminate, where, as before, t't

represents a mat ply and R represents a woven roving ply;

NR represents the number of woven roving plies in a

laminate. The data indicate that the woven roving plies

dominate the value of critical strain energy release rate,
G , but that the ultimate strength depends upon both

components. Since the applied stress at fracture for a

notched sample varies with the square root of G [4], the

load carrying ability of a flawed member clearly depends

almost entirely on the roving plies. It should be noted

that the cleavage samples with bonded aluminum strips

may not give a reliable measure of G due to interference

of the aluminum strips with the extension of the subcracking

zone at the crack tip. However, the results are expected

to give an accurate comparison of the relative toughness

of the various ply stacking arrangements. Figure 8 shows



a typical cleavage specimen after crack propagation.

Conclusions

The results indicate that the strength of a notched

member is insensitive to the notch root radius up to a

value of approximately 0.10 inches, and is relatively

insensitive to crack flank angle over a broad range. The

applicability af the classical stress intensity factor is

doubtful due to the inherent bluntness of a propagating

crack, and a stress concentration factor approach may

provide a more meaningful criterion. Variations in the

ply stacking arrangement indicate that the woven roving

plies are primarily responsible for the toughness, while

both woven roving and chopped fiber mat plies contribute

significantly to the ultimate strength.
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Table 1

Effect of Notch Root Radius for Ply Configuration

 M/R/M/R/M!*

o o

 Applied net

Stress  Average Stress
Notch at on Net Cross-

Radius Fracture Section at Fracture,
 in ! ksi ! ksi!

o
net

OUTS

6.7 13.4

13.2

.56

6.6 .55

6.5 .54 13.0

.546 ' 5

5.5 .46

6.6 .55

.516 ~ 1

.546.5

.485.7

13.00. 125

0. 125

.546.5

.47 11.4

13.7

5.7

.570. 125 6.9

.7116.90. 25

0.25 .6415.47.7

.4811.40.25 5.7

0.01

0.01

0.01

0 ' 03

0.03

0. 03

0.06

0.06

0.06

13. 4

13.2

13.0

13 ~ 0

10. 9

13. 1

12.2

12.9

11.4

13.0

11.4

13.7

Kg
 Fracture

Toughness,
ksiv ix !

13 ' 0

11.0

13. 2

12. 2

12.9

11.5

16.9

15.5

11.4



Table 1

 continued!

8.2 .69

5.9 .49

6.5 .54

1.00 8.8

1.00 8.4

1.00 10. 7

.73

.69

.89

2.00 11.0 .9221.9

8.7 .72

9.2 .77

* o = LOAD/  w x t!
f

a = LOAD/ [t x  w-2c ! ]
net

K 9 = o Y vc, where Y = 2.0 [11].
f

where: w is the specimen width

-10«

0.50

0.50

0.50

2 ~ 00

2.00

16.3

11.8

13.0

17.5

16.7

21.13

17.3

18.3

c is the notch depth

t is the thickness

16 ' 7

11.8

13.0

17. 5

16.7

21. 4

22.0

17.3

18.3



Table 2

net

UTS

6.5

5.5 .46

6.6 .55

5.5 .46

6,0 .49

6.5

5.4 .451.00

6.0 .44

5.9 .49

.536.4

.546.5

.495.9

.678.0

.627 ~ 4

.688.1

Flank

Dimen-

sion, 1
 in!

0.13

0.13

0.13

0.50

0,50

0.50

1.00

1.00

2. 50

2. 50

2.50

5.00

5.00

5. 00

Effect of Notch Flank Length

for Ply Configuration i'</R/M/R/I'4

a
net

f  Average
 Applied Stress on Net

Stress at Cross-section at

Fracture ksi! Fracture ksi!

13.0

11.0

13.1

11.0

11.9

12.9

10. 8

11.9

11.8

12. 8

12.9

11.7

16.0

14.8

16.2

K

 F rac tur e
Toughnes s,

ks i ~n!

13 ~ 0

ll ~ 0

13.1

11.0

11.9

12.9

10. 8

11.9

1] .8

12.8

12.9

11.8

16.1

14.9

16.3



8 ~ 1
.68

9.5
.79

.61

-12-

l0. 00

10.00

10.00

Table 2

 continued!

16.2

18.9

14.6

16.3

18.9

14.7
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INFLUENCE OF NOTCH SHARPNKSS ON THE APPARENT
CRITICAL VALUE OF KR > A MODIFIED VERSION OF THE
STRESS INTENSITY FACTOR, FOR 7075- 76 ALUMINUM.
 FROM REFERENCE [5].!
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FIGURE 2.

ULTIMATE TENSILE STRENGTH SPECIMEN.
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FIGURE 6.

FRACTURED SPECIMEN %ITH
0.5 INCH NOTCH ROOT RADIUS.
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